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We determined the crystal structure of Ba2CoSi2O6Cl2, which was synthesized in this work, and investigated its
quantum magnetic properties using single crystals. This compound should be described as a two-dimensionally coupled
spin-1/2 XY-like spin dimer system. Ba2CoSi2O6Cl2 exhibits a stepwise magnetization process with a plateau at half of
the saturation magnetization, irrespective of the field direction, although all the Co2+ sites are equivalent. This indicates
that spin triplets are localized owing to the almost perfect frustration of interdimer exchange interactions. Thus, the spin
states for the zero and 1/2 magnetization-plateau states are almost exactly given by the simple product of singlet dimers
and the alternate product of singlet and triplet dimers, respectively.
Coupled spin dimer magnets provide a stage to embody the
quantum physics of interacting lattice bosons.1 These mag-
nets often exhibit a gapped singlet ground state. In an ex-
ternal magnetic field exceeding the energy gap, the S z =+1
component of the spin triplet is created on the dimer. The
S z =+1 component, called a magnon, acts as a boson on the
dimer lattice. The number of magnons can be tuned via the
external magnetic field corresponding to the chemical poten-
tial. Magnons move to neighboring dimers and interact with
one another owing to the transverse and longitudinal com-
ponents of the interdimer exchange interactions, respectively.
When the hopping term is dominant, magnons can undergo
Bose-Einstein condensation (BEC),2–12 while when the hop-
ping term is suppressed so that the repulsive interaction due
to the antiferromagnetic interdimer interaction is dominant,
magnons can crystallize to form a regular array.13–20 Coupled
spin dimer magnets also have the potential to realize an exotic
supersolid phase in a magnetic field.21–24
Many spin dimer magnets have been reported to exhibit
the BEC of magnons,5–12 while the experimental realization
of magnon crystallization has been limited. It is known that
an orthogonal spin dimer system, which was first discussed
theoretically by Shastry and Sutherland25 and is realized in
SrCu2(BO3)2,13 undergoes the successive crystallization of
magnons with fractional magnetization plateaus.14–20 In this
letter, we report the crystal structure of the spin dimer mag-
net Ba2CoSi2O6Cl2 and show that this compound exhibits
magnon crystallization in a high magnetic field owing to the
strong frustration of interdimer exchange interactions, which
is different from the orthogonal dimer model.
Ba2CoSi2O6Cl2 single crystals were synthesized as a
by-product of the process used for the crystal growth of
Ba3CoSb2O9, which is an S = 1/2 triangular-lattice Heisen-
berg antiferromagnet.26–28 Because the crystal structure of
Ba2CoSi2O6Cl2 has not been reported to date, we performed
a structural analysis of it at room temperature. Details of the
crystal growth and the analysis of the crystal structure are de-
scribed in the Supplemental Materials.29
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The structure of Ba2CoSi2O6Cl2 is monoclinic P21/c with
cell dimensions of a= 7.1382 Å, b= 7.1217 Å, c= 18.6752 Å
and β= 91.417◦. A perspective view of the crystal structure
is illustrated in Fig. 1(a). The crystal structure consists of
CoO4Cl pyramids with a Cl− ion at the apex. Magnetic Co2+
is located approximately at the center of the base composed
of O2−, which is approximately parallel to the ab plane. Two
CoO4Cl pyramids form a chemical dimer with their bases fac-
ing each other. The CoO4Cl pyramids are linked via SiO4
tetrahedra in the ab plane, as shown in Fig. S2(b) in the Sup-
plemental Materials. Note that the atomic linkage in the ab
plane is similar to that of BaCuSi2O630–32 (Fig. S2(c)), which
is a model substance undergoing magnon BEC.8 Because
dispersion measurements32 and extensive density-functional
calculations of the exchange interactions33 revealed that the
interdimer exchange interactions are dominant in the dimer
layer parallel to the ab plane and negligible between dimer
layers, we consider that similar interdimer exchange inter-
actions are also realized in Ba2CoSi2O6Cl2. Thus, it is con-
sidered that Ba2CoSi2O6Cl2 closely approximates a 2D cou-
pled spin dimer system with the exchange network shown in
Fig. 1(b). This exchange model is closely related to those dis-
cussed theoretically.21–23, 34–36
The magnetic property of Co2+ in an octahedral envi-
ronment is determined by the lowest orbital triplet 4T1.37, 38
This orbital triplet splits into six Kramers doublets owing
to spin-orbit coupling and the low-symmetric crystal field.
When the temperature T is much lower than the magni-
tude of the spin-orbit coupling constant λ=− 178 cm−1, i.e.,
T ≪|λ|/kB ≃ 250 K, the magnetic property is determined by
the lowest Kramers doublet, and the effective magnetic mo-
ment of Co2+ is represented by the fictitious spin-1/2 oper-
ator.37, 38 When the octahedral environment exhibits tetrago-
nal symmetry, the effective exchange interaction between fic-
titious spins si is described by the spin-1/2 XXZ model38
Hex =
∑
<i, j>
[
J⊥
{
sxi s
x
j + s
y
i s
y
j
}
+ J‖szi s
z
j
]
. (1)
The crystal field in a pyramidal environment, as observed in
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Fig. 1. (Color online) (a) Perspective view of the crystal structure of
Ba2CoSi2O6Cl2 . Dotted lines denote the chemical unit cell. A magnetic Co2+
ion is located approximately at the center of the base of the CoO4Cl pyra-
mid, where the pyramids are linked via orange-colored SiO4 tetrahedra in
the ab plane. (b) Model of the exchange network for Ba2CoSi2O6Cl2 . Thick
solid lines represent the intradimer exchange interaction J, and thin solid,
dashed and dotted lines represent the interdimer exchange interactions Ja
αβ
and Jb
αβ
(α, β = 1, 2).
Ba2CoSi2O6Cl2, can be regarded as that in an octahedral en-
vironment with a large tetragonal elongation. In such a case,
J‖/J⊥ is much smaller than unity, so that the effective ex-
change interaction becomes strongly XY like.38 The g-factors
for magnetic fields parallel and perpendicular to the elongated
axis of the octahedron are given as g‖ = 4− 5 and g⊥ ≃ 2, re-
spectively.37 Because the inclination of the magnetic princi-
pal z axis from the crystallographic c∗ axis is approximately
10◦ in Ba2CoSi2O6Cl2, we assume that the condition of H ‖ c∗
corresponds to that of H ‖ z. The energy levels of the isolated
dimer are given by −(2J⊥ + J‖)/4, J‖/4 and (2J⊥ − J‖)/4, and
the corresponding eigenstates are |0, 0〉, |1,±1〉 and |1, 0〉, re-
spectively.
The magnetic susceptibility of Ba2CoSi2O6Cl2 single crys-
tal was measured in the temperature range of 1.8−300 K us-
ing a SQUID magnetometer (Quantum Design MPMS XL).
The specific heat of Ba2CoSi2O6Cl2 was measured in the tem-
perature range of 0.4−300 K using a physical property mea-
surement system (Quantum Design PPMS) by the relaxation
method. High-field magnetization measurement in a magnetic
field of up to 70 T was performed at 4.2 and 1.3 K using an in-
duction method with a multilayer pulse magnet at the Institute
for Solid State Physics, University of Tokyo. High-frequency
ESR measurements in pulsed magnetic fields of up to 30 T
with fixed frequencies ranging from 190 to 450 GHz were
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Fig. 2. (Color online) Magnetic susceptibilities in Ba2CoSi2O6Cl2 mea-
sured at H = 0.1 T for H ‖ c∗ and H ‖ ab. Red and blue symbols are raw data
and the data corrected for the Curie term.
performed at 4.2 K at the Institute for Materials Research,
Tohoku University. Ba2CoSi2O6Cl2 crystal is easily cleaved
parallel to the ab plane. Magnetic fields were applied parallel
to the ab plane and the c∗ axis, which is perpendicular to the
ab plane.
Figure 2 shows the magnetic susceptibilities in
Ba2CoSi2O6Cl2 measured for magnetic fields H parallel
to the c∗ axis and ab plane. The magnetic susceptibility is
isotropic in the ab plane. This is because there are domains
in which the a and b directions are interchanged, which was
observed by the present X-ray diffraction measurement. The
Curie term below 10 K is ascribed to unpaired spins produced
by lattice defects because the magnitude of the Curie term
depends strongly on the field direction. The blue symbols in
Fig. 2 show the magnetic susceptibilities corrected for the
Curie term. For both field directions, the magnetic suscepti-
bilities exhibit a rounded maxima at 50 − 75 K and decrease
with decreasing temperature. No anomaly indicative of
magnetic ordering was observed. The magnetic susceptibility
for H ‖ c∗ becomes almost zero at T = 0, while for H ‖ ab, the
magnetic susceptibility has a finite value even at T = 0, which
is attributed to the large Van Vleck paramagnetism of Co2+
in an octahedral (pyramidal) environment. The Van Vleck
paramagnetic susceptibility of χVV = 1.01×10−2 emu/mol for
H ‖ ab coincides with that obtained from the magnetization
curve shown below. The magnetic susceptibility indicates
a gapped singlet ground state. It is natural to assume that
two Co2+ spins located on the bases of neighboring CoO4Cl
pyramids are coupled to form an antiferromagnetic dimer,
which gives rise to the singlet ground state.
Figure 3(a) shows the raw magnetization curves for
Ba2CoSi2O6Cl2 single crystal measured at 1.3 K for H ‖ c∗
and H ‖ ab. The entire magnetization process was observed
up to a magnetic field of 70 T. The saturation of the Co2+
spin occurs at Hs ≃ 57 and 41 T for H ‖ c∗ and H ‖ ab, re-
spectively. The absolute value of the magnetization for H ‖ ab
was calibrated with the g-factor determined as gab = 3.86 from
the present electron spin resonance (ESR) measurements per-
formed at 4.2 K, as shown below. The g factor for H ‖ c∗
was evaluated as gc∗ = 2.0±0.1 from the average of the mag-
netization data. These highly anisotropic g-factors of Co2+
2
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Fig. 3. (Color online) (a) Raw magnetization curves measured at 1.3 K for
H ‖ c∗ and H ‖ ab using a piece of single crystal. Arrows indicate the route
of the magnetization process upon sweeping the field up and down. (b) Mag-
netization curves corrected for Van Vleck paramagnetism. Dashed lines are
theoretical magnetization curves calculated using eq. (2) with the parameters
given in the text.
arise from the pyramidal environment, as previously men-
tioned.37, 38
The same magnetization slopes below 30 T and above
Hs for H ‖ ab arise from the large temperature-independent
Van Vleck paramagnetism of Co2+ in the octahedral
environment.38 From the magnetization slope, the Van
Vleck paramagnetic susceptibility for H ‖ ab was evalu-
ated as χVV = 9.94×10−3 emu/mol, which coincides with
χVV = 1.01×10−2 emu/mol obtained from the magnetic sus-
ceptibility. For both field directions, stepwise magnetization
processes with a plateau at half of the saturation magnetiza-
tion Ms are observed. The transition fields are H‖c = 46.8 T and
H‖s = 56.7 T for H ‖ c∗ and H⊥c = 32.0 T and H⊥s = 41.0 T for
H ‖ ab. Note that the magnetization process shows hysteresis,
the route of which is indicated by arrows. The magnetization
curves measured upon sweeping the field up and down are
symmetric with respect the midpoint of the Ms/2 plateau.
Figure 3(b) shows the magnetization curves corrected for
Van Vleck paramagnetism. It can be clearly seen that the mag-
netization processes for both field directions are stepwise with
a plateau at Ms/2. The singlet ground state is stabilized in a
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Fig. 4. (Color online) (a) ESR absorption spectra in Ba2CoSi2O6Cl2 mea-
sured at T = 4.2 K for H ‖ ab. Arrows are resonance fields for singlet-triplet
transitions. (b) Frequency vs field diagram of ESR mode measured for H ‖ ab.
The solid line is a linear fit for the singlet-triplet transitions with gab = 3.86.
wide field range below Hc. The field ranges of the magnetiza-
tion slopes below and above Ms/2 plateau are negligible.
We performed ESR measurements on Ba2CoSi2O6Cl2 at
low temperatures to obtain the g-factor. Figure 4(a) shows
ESR absorption spectra for H ‖ ab. We were not able to ob-
serve electron paramagnetic resonance (EPR) because of the
large magnetic anisotropy, but we observed singlet-triplet
transitions at the magnetic fields indicated by arrows. The res-
onance data are summarized in the frequency vs field diagram
shown in Fig. 4(b). The frequency of the singlet-triplet tran-
sition decreases linearly with increasing magnetic field and
softens at the critical field H⊥c . Assuming that the resonance
condition of the singlet-triplet transition near H⊥c is described
as ~ω= gabµB(H⊥c −H), we obtain the g-factor for H ‖ ab as
gab = 3.86. We were not able to observe the singlet-triplet tran-
sition for H ‖ c∗ because the highest magnetic field for which
ESR measurement was possible was limited to 30 T.
There are two possibilities leading to this stepwise mag-
netization process. The first possibility is that there are two
types of almost isolated dimers with equal populations. Mag-
netization plateaus owing to this mechanism are realized in
NH4CuCl3.39 In the room-temperature structure, all the Co2+
sites are equivalent. Thus, if there are two types of magnetic
3
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Fig. 5. (Color online) (a) Specific heat divided by the temperature mea-
sured at zero magnetic field. (b) Low-temperature specific heat. The solid
line is a fit based on the isolated dimer model with J⊥/kB = 105 K and
J‖/J⊥ = 0.149 (fixed).
dimers, a structural phase transition should occur below room
temperature. Figure 5(a) shows the specific heat divided by
the temperature measured at zero magnetic field below 300
K. No anomaly indicative of a phase transition was observed
down to 0.5 K. In BaCuSi2O6, which has a similar crystal
structure to that of Ba2CoSi2O6Cl2, the interdimer exchange
interaction gives rise to a wide magnetization slope with a
field range of 26 T.8 Thus, the magnitude of the interdimer
exchange interaction in Ba2CoSi2O6Cl2 is expected to be of
the same order as that in BaCuSi2O6. From these facts, the
first possibility is ruled out.
The second possibility is that the interdimer exchange
interactions are perfectly frustrated, which corresponds to
the case Ja,b11 + J
a,b
22 = J
a,b
12 + J
a,b
21 within the exchange network
shown in Fig. 1(b). In this case, the magnon cannot move
onto the neighboring dimer, because the hopping amplitude
is proportional to Ja,b11 + J
a,b
22 − J
a,b
12 − J
a,b
21 . Hence, the ground
state is determined by the balance between the Zeeman en-
ergy and the repulsive interaction between magnons that is
given by the total of the interdimer exchange interactions,
Ja,b11 + J
a,b
22 + J
a,b
12 + J
a,b
21 . Consequently, a stepwise magnetiza-
tion process with the Ms/2 plateau occurs, as observed in
Ba2CoSi2O6Cl2. If the frustration between interdimer interac-
tions is imperfect, i. e., Ja,b11 + J
a,b
22 , J
a,b
12 + J
a,b
21 , then the mag-
netization slopes appear between M = 0 and the Ms/2 plateaus
and between the M = Ms/2 plateau and the saturation.40
When the interdimer exchange interactions are perfectly
frustrated, the critical field Hc and the saturation field Hs are
given as
H‖c =
J⊥ + J‖
2g‖µB
, H‖s = H
‖
c +
α‖
g‖µB
,
H⊥c =
√
J⊥(J⊥ + J‖)
2(g⊥µB)2 ,
H⊥s = H⊥c
√(
1 + ξα
⊥
J⊥
) (
1 + 2ξα
⊥
J⊥ + J‖
)
,
α⊥,‖ =
1
2
∑
σ=a,b
(
Jσ⊥,‖11 + J
σ⊥,‖
22 + J
σ⊥,‖
12 + J
σ⊥,‖
21
)
,
ξ = (H⊥s )2/
{
(H⊥s )2 + (J⊥ − J‖)2/16
}
.

(2)
The dashed lines in Fig. 3(b) are magnetization curves cal-
culated using eq. (2) with J⊥/kB = 110 K, J‖/J⊥ = 0.149,
α⊥/kB = 23.7 K, α‖/kB = 13.3 K, gab = 3.86 and gc∗ = 2.0. The
field range of the 1/2-plateau is given by α‖,⊥/gµB. Note
that the anisotropy of the interdimer exchange interaction,
α‖/α⊥ = 0.56, is different from that of the intradimer exchange
interaction, J‖/J⊥ = 0.15. In the first approximation, these
anisotropies should be the same. We discuss the mechanism
leading to the difference in the Supplemental Materials.29
When the hopping of the magnon is absent, the specific
heat at low temperatures, where the interaction between ther-
mally excited magnons is negligible, is approximately ex-
pressed by that for an isolated dimer. Thus, we describe the
low-temperature specific heat as C =Cmag +Clatt, where Cmag
is the specific heat of the isolated dimer with energy levels of
−(2J⊥ + J‖)/4, J‖/4 and (2J⊥ − J‖)/4, and Clatt is the lattice
contribution given by Clatt = a1T 3 + a2T 5. The solid line in
Fig. 5(b) is the fit based on this model with J⊥/kB = 105 K and
Clatt = 0.00213 T 3− (1.14×10−6) T 5 J/mol K, where J‖/J⊥ is
fixed to be 0.149. The magnitude of J⊥/kB obtained by this
analysis is consistent with J⊥/kB = 110 K obtained from the
analysis of the magnetization process.
In conclusion, we have presented the results of structural
analysis and magnetization, ESR and thermodynamic mea-
surements on Ba2CoSi2O6Cl2 synthesized in this work. This
compound should be described as a 2D coupled spin dimer
system with XY-like exchange interactions. Ba2CoSi2O6Cl2
exhibits a stepwise magnetization process with an Ms/2
plateau, irrespective of the magnetic field directions. This
finding, together with the absence of a structural phase transi-
tion, shows that the frustration for the interdimer exchange in-
teractions is almost perfect. The Ms/2 plateau state is almost
exactly given by the alternate product of singlet and triplet
dimers, which corresponds to a Wigner crystal of magnons.
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useful discussions and comments. This work was supported
by a Grant-in-Aid for Scientific Research (A) from Japan So-
ciety for the Promotion of Science, and by the Global COE
Program “Nanoscience and Quantum Physics” at Tokyo Tech.
funded by the Ministry of Education, Culture, Sports, Science
and Technology of Japan.
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Supplemental Materials
Crystal growth of Ba2CoSi2O6Cl2
Ba2CoSi2O6Cl2 single crystals were grown as a by-
product of the process used for the single-crystal growth
of Ba3CoSb2O9, which is well described as an S = 1/2
triangular-lattice Heisenberg antiferromagnet.26 We used a
flux method with BaCl2 as the flux using a quartz tube as
a crucible. Using the solid-state reaction, we first prepared
Ba3CoSb2O9 powder. A mixture of Ba3CoSb2O9 and BaCl2
in a molar ratio of 1 : 10 was sealed in an evacuated quartz
tube. The temperature at the center of the furnace was low-
ered from 1100 to 800◦C over 10 days then rapidly lowered to
room temperature. Bluish purple plate-shaped single crystals
with a typical size of 3× 3× 0.5 mm3 were obtained (Fig. S6).
We first considered that the crystals obtained would be the
dimer compound Ba2CoCl6 .?, ? However, from X-ray diffrac-
tion and the X-ray fluorescence analysis, the crystals were
found to be Ba2CoSi2O6Cl2. The silicon was provided from
the quartz tube. The wide plane of the crystals was found to be
the crystallographic ab plane by X-ray diffraction. It was also
found that much larger Ba2CoSi2O6Cl2 single crystals can be
grown from a mixture of Ba3CoNb2O9 and BaCl2 in a molar
ratio of 1 : 10 using a quartz tube.
Fig. S6. Photograph of Ba2CoSi2O6Cl2 single crystal. The wide plane is
the crystallographic ab plane.
Crystal structure
We performed a structural analysis of Ba2CoSi2O6Cl2 at
room temperature using a RIGAKU R-AXIS RAPID three-
circle diffractometer equipped with an imaging plate area
detector. Monochromatic Mo-Kα radiation (λ= 0.71075 Å)
was used as the X-ray source. Data integration and global-
cell refinements were performed using data in the range of
3.06◦ < θ< 27.44◦, and absorption correction based on face
indexing and integration on a Gaussian grid was also per-
formed. The total number of reflections observed was 9097,
among which 2163 reflections were found to be independent
and 2055 reflections were determined to satisfy the criterion
I > 2σ(I). Structural parameters were refined by the full-
matrix least-squares method using SHELXL-97 software. The
final R indices obtained were R= 0.0616 and wR= 0.1787.
The crystal data are listed in Table SI. The chemical formula
was found to be Ba2CoSi2O6Cl2 from the results of structural
and chemical analyses.
The structure of Ba2CoSi2O6Cl2 is monoclinic P21/c with
cell dimensions of a= 7.1382 Å, b= 7.1217 Å, c= 18.6752 Å,
Table SI. Crystal data for Ba2CoSi2O6Cl2 .
Chemical formula Ba2CoSi2O6Cl2
Space group P21/c
a (Å) 7.1382(5)
b (Å) 7.1217(4)
c (Å) 18.6752(10)
β (deg) 91.417(2)
V (Å3) 949.08(10)
Z 4
R; wR 0.0616; 0.1787
Table SII. Fractional atomic coordinates (× 104) and equivalent isotropic
displacement parameters (Å2× 103) for Ba2CoSi2O6Cl2 .
Atom x y z Ueq
Ba(1) − 5098(1) 50(1) 1423(1) 21(1)
Ba(2) 221(1) − 5225(1) 1353(1) 18(1)
Co(1) − 54(2) − 115(2) 827(1) 16(1)
Si(1) − 2797(4) 2771(4) − 7(2) 13(1)
Si(2) − 2775(4) − 2780(4) 115(2) 13(1)
Cl(1) − 4554(6) − 481(7) 3092(2) 40(1)
Cl(2) 624(5) 593(5) 2090(2) 29(1)
O(1) 1934(12) − 2081(12) 746(4) 19(2)
O(2) 1870(14) 1823(13) 567(5) 25(2)
O(3) − 2068(13) 1851(13) 733(5) 22(2)
O(4) − 2034(12) − 2117(12) 892(4) 20(2)
O(5) − 2320(30) 5007(13) 45(6) 57(4)
O(6) − 5017(14) 2370(30) − 63(7) 69(5)
β= 91.417◦ and Z=4. Its atomic coordinates and equivalent
isotropic displacement parameters are shown in Table SII.
A perspective view of the crystal structure and that viewed
along the c axis are illustrated in Figs. S7(a) and (b), respec-
tively. The crystal structure consists of CoO4Cl pyramids,
in which Cl− occupies the apex and magnetic Co2+ is
located approximately at the center of the base. Two CoO4Cl
pyramids form a chemical dimer with their bases facing each
other. The CoO4Cl pyramids are linked via SiO4 tetrahedra
in the ab plane, as shown in Fig. S7(b). The atomic linkage
in the ab plane is similar to that of BaCuSi2O6 31 shown in
Fig. S7(c). In BaCuSi2O6, CuO4 plaquettes are linked via
SiO4 tetrahedra in the ab plane and two neighboring Cu2+
ions in the c direction form a magnetic dimer .32 Two neigh-
boring CuO4 plaquettes in BaCuSi2O6 are rotated in opposite
directions around the c direction, while in Ba2CoSi2O6Cl2,
such rotation of the CoO4Cl pyramids is absent.
Interdimer exchange interactions
It is natural to assume that two neighboring Co2+ ions along
the c direction form a magnetic dimer. Figure S8 shows the
atomic configuration between neighboring dimers along the a
and b directions and a model of the interdimer exchange inter-
action in the ab plane. The interdimer exchange interactions
Ja11 (Jb11) and Ja22 (Jb22) that connects two Co2+ spins on the top
and bottom, respectively, are equivalent because the midpoint
between the neighboring Co2+ dimers is the crystallographic
inversion center. Thus, the conditions Ja11 = J
a
22 and J
b
11 = J
b
22
are satisfied in Ba2CoSi2O6Cl2.
The contribution of the paths Co−O2−Si2−O6−Si1
5
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Fig. S7. (a) Perspective view of the crystal structure of Ba2CoSi2O6Cl2 . Dotted lines denote the chemical unit cell. A magnetic Co2+ ion is located ap-
proximately at the center of the base of the CoO4Cl pyramid, where the pyramids are linked via orange-colored SiO4 tetrahedra. (b) Crystal structure of
Ba2CoSi2O6Cl2 viewed from the c axis. The CoO4Cl pyramids are linked via SiO4 tetrahedra in the ab plane. This structure is closely related to that for (c)
BaCuSi2O6, in which CuO4 plaquettes are linked via SiO4 tetrahedra in the ab plane .31
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Fig. S8. Atomic configuration between neighboring dimers (a) along the a direction and (b) along the b direction. (c) A model of exchange network for
Ba2CoSi2O6Cl2 . Thick solid lines represent the intradimer exchange interaction J, and thin solid, dashed and dotted lines represent the interdimer exchange
interactions Ja
αβ
and Jb
αβ
(α, β= 1, 2).
−O3−Co and Co−O1−Si1−O6−Si2−O4−Co to the in-
terdimer exchange interaction Ja11 closely approximates
that of the paths Co−O2−Si2−O6−Si1−O1−Co and
Co−O1−Si1−O6−Si2−O2−Co to Ja12, because the configu-
rations of pσ orbitals for O6 and O3 (O4) in the former two
paths are close to those for O6 and O1 (O2) in the latter two
paths. The contribution of the paths Co−O2−O6−O3−Co
and Co−O1−O6−O4−Co to Ja11 should be close to that of the
paths Co−O2−O6−O1−Co and Co−O1−O6−O2−Co to Ja12,
because the configurations of ppi orbitals for O6 and O3 (O4)
in the former two paths are similar to those for O6 and O1
(O2) in the latter two paths. This argument is applicable to the
Ja21 interaction and to those along the b direction. As shown
in Figs. S8(a) and (b), the atomic positions along the a and
b directions are close to each other. Therefore, we infer that
the conditions Ja11 = J
a
22 ≃ J
a
12 ≃ J
a
21 ≃ J
b
11 = J
b
22 ≃ J
b
12 ≃ J
b
21
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are realized in Ba2CoSi2O6Cl2. This situation is different
from that in BaCuSi2O6, in which Ja,b11 and J
a,b
22 are con-
siderably different from Ja,b12 and J
a,b
21 , respectively .
33 In
BaCuSi2O6, the oxygen atom that is common to the two
SiO4 tetrahedra connecting CuO4 plaquettes shifts along the
c direction, causing the linkage of the two SiO4 tetrahedra to
be buckled .31
As shown in Fig. S7(a), atoms are dense in the dimer
layers parallel to the ab plane, while atoms are sparse
between dimer layers. In BaCuSi2O6, which has a similar
structure, the magnetic excitation is dispersionless along the
c direction, which indicates that the exchange interaction
between neighboring dimer layers is negligible .32 For these
reasons, we infer that the exchange interaction between dimer
layers is also negligible in Ba2CoSi2O6Cl2. Therefore, the
present system can be described as an S = 1/2 2D coupled
XXZ dimer model, as illustrated in Fig. S7(c).
Effect of the spin-lattice coupling on the anisotropy of the
exchange interaction
From the analysis of the magnetization process, we found
that the anisotropy of the interdimer exchange interaction,
α‖/α⊥ = 0.56, is different from that of the intradimer exchange
interaction, J‖/J⊥ = 0.15. In the first approximation, these
anisotropies should be the same. In this section, we discuss
the anisotropy of the exchange interaction between fictitious
spins.
The magnetic property of Co2+ in an octahedral environ-
ment is determined by the lowest orbital triplet 4T1.37, 38 This
orbital triplet splits into six Kramers doublets owing to spin-
orbit coupling and the uniaxial crystal field, which are ex-
pressed together as
H ′ = −(3/2)λ(l · S) − δ
{
(lz)2 − 2/3
}
, (3)
where l is the effective angular momentum with l = 1 and S is
the true spin with S = 3/2. When the temperature T is much
lower than the magnitude of the spin-orbit coupling constant
λ=− 178 cm−1, i.e., T ≪|λ|/kB ≃ 250 K, the magnetic prop-
erty is determined by the lowest Kramers doublet, which is
given by l z + S z =±1/2, and the effective magnetic moment
of Co2+ is represented by m= gµBs with the fictitious spin-
1/2 operator s.37, 38 The true spin S is related to the fictitious
spin s as
S x → psx, S y → psy, S z → qsz, (4)
where p and q are real parameters determined by λ and δ.38
If the exchange interaction between true spins is described
by the Heisenberg model H = Ji j(Si · S j), then the effective
exchange interaction between fictitious spins is expressed as
H
(0)
eff
= Ji j
[
p2
{
sxi s
x
j + s
y
i s
y
j
}
+ q2szi s
z
j
]
=
[
J⊥i j
{
sxi s
x
j + s
y
i s
y
j
}
+ J‖i js
z
i s
z
j
]
. (5)
In Ba2CoSi2O6Cl2, the condition p2 > q2 is realized, which
leads to the XY like exchange interaction. Because the pa-
rameters p and q are determined by the spin-orbit coupling
and the tetragonal crystal field, these parameters should be
common to all the exchange interactions. Hence, additional
effect is necessary to describe the difference between J‖/J⊥
and α‖/α⊥ in Ba2CoSi2O6Cl2.
Here, we consider the local spin-lattice coupling that modu-
lates the exchange interaction between true spins S, as argued
by Penc et al.41 to explain the one-half magnetization plateau
observed in CdCr2O4.42 The local spin-orbit coupling leads to
the effective biquadratic exchange interaction of the form
Hbq = −Ki j(Si · S j)2, (6)
with Ki j > 0.41 Substituting the relations of eq. (2) into Hbq of
eq. (4), we obtain a quadratic exchange term
H
(1)
eff
=
Ki j
2
p2
[
q2
{
sxi s
x
j + s
y
i s
y
j
}
+ p2szi s
z
j
]
. (7)
Here, we neglect the constant term. Comparing eqs. (3)
and (5), we see that when the original exchange interaction
H
(0)
eff
is of XY like, i.e. p2 > q2, H (1)
eff
becomes Ising like,
and vice versa. Consequently, the total exchange interaction
Heff =H
(0)
eff
+H
(1)
eff
goes toward isotropic form. We infer that
there exists the local spin-lattice coupling that modulates the
interdimer exchange interaction acting between true spins, so
that the effective interdimer exchange interaction acting be-
tween fictitious spins becomes more isotropic than the effec-
tive intradimer exchange interaction.
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